With further substitution of Sn, the lattice constant, volume and apparent density of the ceramics increased, the ceramic structure reached a maximal compactness at x = 0.2 which was shown on SEM. Tremendous improvement of Q × f and a declining trend of r and τ f were obtained with increasing x value. Appropriate substitution value (x = 0.10) would ensure excellent microwave dielectric properties ( r = 34.1, Q × f = 40562 GHz, τ f = −5 ppm/°C) of the ceramics sintered at 1080°C.
Introduction
The rapid growth of personal mobile communications resulted in the advances of materials that have been applied to wireless communications in recent years. Microwave dielectric ceramics play an important role in mobile communication systems. Specifically, they have been investigated as various components, including duplexers, resonators, antennas, and oscillators [1] . In the form of dielectric resonators, they enable the filter units in the mobile telephone base stations to remove unwanted sidebands and secondary signals, ensuring transmission of high quality primary signals with minimum interference [2] . Therefore, it is essential that the microwave dielectric materials used in the base stations of mobile telecommunications had high value of quality factor (Q × f) -for high power, high dielectric constant ( r ) -for miniaturization and low temperature coefficient of resonant frequency (τ f ) -for frequency stability. Many kinds of microwave dielectric ceramics were widely researched and applied due to their low * E-mail: tangbin@uestc.edu.cn dielectric loss and temperature-stable coefficient of resonant frequency [3] .
Among several kinds of dielectric ceramics, ixiolite (ZnTiNb 2 O 8 ) in ZnNb 2 O 6 -TiO 2 system have attracted a great attention due to its superior microwave dielectric properties. For instance, the ZnTiNb 2 O 8 ceramics were firstly reported by Kim et al. [4] with a dielectric permittivity of 34.3, Q × f of 43500 GHz and τ f of −52 ppm/°C at the sintering temperature of about 1250°C. It could be one of materials suitable for the applications at microwave frequencies. However, the sintering temperature in traditional solid-state methods seemed to be too high, and τ f of ZnTiNb 2 O 8 ceramics was negative and too large to be advantageous for the application in wireless communication systems. Especially, what we knew about temperature coefficient of resonant frequency (TCF) was largely based upon empirical studies that investigated the relation between the bond valence of A-site, B-site and M-site ions and the TCF in the AB 2 O 6 -MO 2 ixiolite structure. Moreover, the change in dielectric constant was explained by ionic polarizability [5] [6] [7] . The atomic interactions of materials should be changing with 406 BIN TANG et al.
composition. Therefore, ion substitution could change the bond valence of material, which, in turn, results in the changes of dielectric properties. Park et al. [8] used Ta ions substituted for Nb, and reported that ZnTi(Nb 0.4 Ta 1.6 )O 8 ceramics had good dielectric properties at the sintering temperature of 1200°C with r of 40.5, Q × f of 41000 GHz and a near zero τ f . The τ f value improved greatly, but the sintering temperature was also too high in this study. Liao et al. [9] investigated the influence of Sn substituting for Ti site, and reported that Zn(Ti 0.8 Sn 0.2 )Nb 2 O 8 ceramics sintered at 1120°C showed good dielectric properties with r of 30.88, high Q × f of 43500 GHz and τ f of -54.32 ppm/°C. In this case, the sintering temperature was relatively low, but the τ f deteriorated. In addition, Huan et al. [10] reported that (Zn 0.7 Co 0.3 )TiNb 2 O 8 ceramics sintered at 1075°C exhibited the best microwave properties: r = 35.93, Q × f = 35125 GHz and a near zero τ f . The Co substitution at Zn site improved the τ f remarkably. In addition, the low sintering temperature and high dielectric constant make these ceramics promising for application. However, the Q × f of (Zn 0. 7 High-purity powders of ZnO (99.9 %), Co 2 O 3 (99.9 %), SnO 2 99.9 %), TiO 2 (99.9 %) and Nb 2 O 5 (99.9 %) were used as the starting materials. The raw oxide materials were weighed according to the stoichiometric proportions and ball milled in deionized water medium for 6 h in nylon jars using zirconia balls. The mixture was dried and calcined at 950°C for 3 h, then re-milled again for 3 h. After drying, the dried powder was mixed with a 5 wt.% PVA as a binder, then again dried and ground well. The resultant fine powder was axially pressed into cylindrical disks with a thickness of 6 mm and 15 mm in a diameter under a pressure of 20 MPa. The pellets were sintered at the temperature of 1080°C for 4 h.
Experimental
The apparent density of the samples was measured using the Archimedes method. The relative density of each composition was the ratio of the apparent density to the calculated theoretical density. The phase composition was identified by X-ray diffraction (XRD) technique using CuKα radiation (Philips X'Pert PRO MPD, Netherlands) and the refined lattice parameters were obtained by the Jade software according to the position of diffraction peaks, using the Bragg equation. Scanning electron microscopy (SEM, FEI InspectF, United Kingdom) was employed to study the surface microstructure of the specimens. The dielectric characteristics at microwave frequencies were measured by the Hakki-Coleman dielectric resonator method in the TE011 mode using a network analyzer (Agilent Technologies E5071C, United States) and a temperature chamber (DELTA 9023, Delta Design, USA). The temperature coefficient of resonant frequency was determined from the difference between the resonant frequency obtained at 25°C and 85°C using the equation:
where f t 1 and f t 2 are the resonant frequencies at t 1 = 25°C and t 2 = 85°C, respectively. In addition, the increasing Sn content gradually leads to the diffraction peaks shifting towards lower angle, indicating the variation of crystal parameters according to Bragg's law. It was necessary to obtain the refined lattice parameters to comprehend the effect of Sn 4+ occupancy at Ti 4+ sites. volumes expanded. The increase of the lattice parameters was caused by the larger ironic radius of Sn 4+ (0.069 nm) compared to that of Ti 4+ (0.061 nm).The supercell of ZnTiNb 2 O 8 consists of layered oxygen octahedra which share edges in a zigzag [12] . The entering of Sn 4+ ions into the Ti 4+ site caused the distorting of oxygen octahedra, which resulted in the increasing of the cell volume, which explains the shifting of diffraction peaks toward lower angle. The average grain size decreased with increasing amount of Sn in the ceramics, whose microstructure gradually became uniform. Fig. 4 , which also shows that the maximum density of the ceramics was achieved at x = 0.2. However, the densification was achieved in all compositions with the relative density over 98 % theoretical density, indicating that there were only few pores in the microstructures.
Results and discussion
The dielectric constant, as shown in Fig. 5b , linearly decreases from 34.1 to 30.7 with increasing Sn substitution. The permittivity has been considered to be affected by relative density, secondary phases and ion polarizability per molar volume [13] . For the present samples, the relative densities are all over 98 %, and the samples have little content of secondary phase. Therefore, the variation of r depends mainly on ion polarizability per molar volume [14] . Shannon [15] claimed that the dielectric constant is directly proportional to the ionic polarizability (α D ) and inversely proportional to the molecular volume (V m ) according to the Clausius-Mosotti equation:
where rc is the corrected dielectric constant, V m is the molecular volume, and b is 4π/3. The corrected dielectric constant can be obtained by modifying the experimental dielectric constant with porosity. As the relative densities were large (>98 %) in this study, the corrected dielectric constant rc was approximately equal to r . It is obvious that the variation of r is consistent to the variation trend of α D /V m . The values of α D /V m are shown in Table 1 ; they decrease as the x value increases. Therefore, the dielectric constant of (Co 0. As shown in Fig. 5c , the Q × f value of (Co 0.3 Zn 0.7 )(Ti 1 − x Sn x )Nb 2 O 8 ceramics significantly increased from 40562 to 46973 GHz while the x value was varying from 0.10 to 0.35. It has been reported that Q × f depends on the extrinsic factors such as density, impurity, secondary phase, grain size, and intrinsic factors related with composition and crystal structure of materials [17] . As to the extrinsic factors, the relative density higher than 98 % and a small amount of secondary phase would not affect significantly the Q × f value [18] . Considering the layered structure of ixiolite ZnTiNb 2 O 8 compounds, the structure of (Co 0.3 Zn 0.7 )(Ti 1 − x Sn x )Nb 2 O 8 ceramics consists of layered oxygen octahedra, and the oxygen octahedra share edges in a zigzag in the z direction [12] . Because the ionic radius difference of Zn 2+ /Sn 4+ (0.074/0.069) (or Co 2+ /Sn 4+ (0.745/0.069)) is much smaller than that of Zn 2+ /Ti 4+ (0.074/0.061)(or Co 2+ /Ti 4+ (0.745/0.061), the internal stress caused by the lattice distortion due to M-site ionic radius difference would decrease with increasing Sn-substitution, which contributed to the increasing of Q × f value remarkably [19, 20] .
The temperature coefficient of resonant frequency (τ f ) of the samples versus x is shown in Fig. 5d . In general, τ f depends on the secondary phase, cation bond valence and crystal lattice [21] . For x = 0.10, it was found that τ f of the sample was much larger than that of pure ZnTiNb 2 O 8 phase (-52 ppm/°C) [9] . This was attributed to the appearance of Zn 0.17 Ti 0.5 Nb 0.33 O 2 secondary phase (+237 ppm/°C) [16] rather than that of ZnTiNb 2 O 8 [11] . From Fig. 5d it was found that with increasing Sn-substitution from 0.10 to 0.35, the τ f values varied to the negative direction from -5 ppm/°C to -45.4 ppm/°C. Liao et al. [9] proposed that in Zn(Ti 1 − x Sn x )Nb 2 O 8 ceramics, the cation bond valence of ixiolite structure decreased with an increase of x. The decrease in bond strength of cation -O led to the increase of thermal energy which contributed to restoring the force of lattice vibration and decrease in the temperature coefficient of resonant frequency (τ f ) of (Co 0.3 Zn 0.7 )(Ti 1 − x Sn x )Nb 2 O 8 ceramics [22] . 
Conclusions
The effects of Sn substitution on the density, microstructure, and microwave dielectric properties of (Co 0. 
